Photon correlation spectroscopy on a single quantum dot embedded in a nanowire 
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We have observed strong photoluminescence from a single CdSe quantum dot embedded in a ZnSe 
nanowire. Exciton, biexciton and charged exciton lines have been identified unambiguously using 
photon correlation spectroscopy. This technique has provided a detailed picture of the dynamics of 
this new system. This type of semi conducting quantum dot turns out to be a very efficient single 
photon source in the visible. Its particular growth technique opens new possibilities as compared to 
the usual self-asssembled quantum dots. 

PACS numbers: 78.67.Lt, 78.55.Et 
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Semiconductor nanowires (NWs) appear as promising 
building blocks for nanoscale devices and circuits with 
impressive potential applications including nanoelectron- 
ics P, 0, S|) optoelectronics (light emitting diodes [1, 5|, 
nanolasers 0), thermoelectrical energy conversion 7|, 
and biological or chemical sensors [§]. Moreover, high 
quality defect free nanowires can be grown on low-cost, 
routinely used substrates such as silicon, which means 
that they could easily be used for fabricating commer- 
cial devices and could possibly be integrated with main- 
stream Si microelectronics devices. 

NW growth methods allow for the variation of the 
chemical composition 0, [T0| or doping (lll | along the lon- 
gitudinal or radial directions. This enables the fabrica- 
tion of well controlled ID nanoscale heterostructures [l£j|. 
For example, as shown in this work, it is possible to in- 
sert a slice of a low band gap semiconductor within a high 
bandgap NW and thus realize a light emitting quan tum 
dot (QD) operating as a single photon source [l2l . fl3| . 
So far, work on the light emitting properties of single 
quantum dots has mainly concerned self-assembled QDs 
formed by surface forces induced by lattice mismatch be- 
tween different materials. Such QDs have been widely 
used in the past decade as single photon sources and 
for their potential application in quantum information 
processing (see for example [H|,[lH])- QDs in NWs appear 
to be an interesting alternative to self-assembled quan- 
tum dots. The absence of a wetting layer offers a better 
confinement which could enable room temperature pro- 
duction of single photons [T3|. Radial growth techniques 
enable engineering of optical guides allowing more effi- 
cient light extraction than in bulk materials [l7L[l3|. Fur- 
thermore, NW based heterostructures, being much less 
limited by lattice mismatches, greatly widen the possible 
materials combinations and enable well controlled stack- 
ing of several QDs in a single NW, offering interesting 
possibilities for quantum information processing [Igj ]. 

In this letter we present the first detailed optical char- 
acterization of excitonic emission in a single CdSe QD 
embedded in a ZnSe NW. We have already shown that 
this system is an efficient single photon source operat- 
ing at temperature as high as 220 K Single pho- 




Figure 1: Scanning electron microscope image of a single 
CdSe/ZnSe nanowire deposited on a silicon substrate. 



ton emission from NWs has otherwise only been demon- 
strated at 4 K in InAs QDs embedded in InP NWs [H]. 
Our system emits light around 550 nm (2.2eV) where 
silicon avalanche photodiodes (APDs) are very efficient. 
This has allowed us to perform the first thorough spec- 
troscopic analysis of a QD embedded in a NW by using 
photon correlation spectroscopy [2fj]. We have identi- 
fied unambiguously the exciton, biexciton, and charged 
exciton lines and obtained information on the charging 
dynamics of this QD. 

The wires are grown by Molecular Beam Epitaxy 
(MBE) in the Vapour-Liquid-Solid (VLS) growth mode 
catalysed by gold particles on a Si substrate. In order 
to make QDs, a small region of CdSe is inserted in the 
ZnSe NW. This is done by interrupting the ZnSe growth, 
changing to CdSe growth for a short time and then grow- 
ing ZnSe again |l3l |. Details about the growth of the ZnSe 
NWs can be found in reference [2l|. The wire diameter 
(around 10 nm) is of the order of the bulk exciton Bohr 
diameter for CdSe (11 nm). This means that the carri- 
ers in the CdSe QD are in the strong quantum confine- 
ment regime. For the study of single NWs, the sample 
is sonicated in methanol, causing NWs to break off the 
substrate into the solution. Droplets of this solution are 
then deposited on a Si substrate, and a low density of 
individual NWs is obtained after evaporation. As shown 
in fig. [TJ individual NWs can be isolated, allowing single 
QD optical spectroscopy. 

The experimental apparatus is a standard micropho- 
toluminescence (/iPL) set-up. The samples are mounted 
on a XYZ piezo motor system in a He flow cryostat at 
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a temperature of 4 K. The optical excitation is provided 
by a 405 nm continuous-wave (CW) diode laser illuminat- 
ing the sample via a microscope objective of numerical 
aperture NA = 0.65 located in the cryostat. The NW 
emission is collected by the same objective and sent to 
a 50/50 beamsplitter for correlation measurements. In 
each arm of the beamsplitter, the light is dispersed by a 
monochromator (1200 grooves/mm grating, 30 cm and 50 
cm focal length respectively). Each monochromator has 
a switchable mirror inside, which can direct the lumines- 
cence either onto a charge coupled device (CCD) camera 
for the measurement of the PL spectrum or through the 
exit slit towards a low jitter (40 ps), high quantum effi- 
ciency APD. The detectors send electrical pulses into a 
time-correlated single photon module that builts an his- 
togram of the time delays between successive photons. 
This histogram is proportional to the second order cor- 
relation function g^ 2 \t) The overall temporal res- 
olution of our set-up is essentially limited by the jitter 
of the APDs and the dispersion of the monochromator 
gratings. This time resolution was measured by record- 
ing the autocorrelation function of 1 ps pulses from a 
frequency-doubled Ti:Sapphire laser. A full width at half 
maximum of 90 ps was obtained for the autocorrelation 
function peak. 

The results presented in this work all come from the 
same QD. A typical /iPL spectrum is shown in the inset 
of fig. [2] where three lines can be seen. A comparison 
with relative energy positions of known emission lines in 
spectra of self-assembled CdSe/ZnSe QDs [H, sug- 
gests that these lines correspond to the exciton (X), the 
biexciton (XX) and the charged exciton (CX). Unam- 
biguous proof for the assignement of these lines will be 
given below using photon correlation spectroscopy. The 
width of the lines is due to spectral diffusion [24| . 

One of the characteristic features of such NW QD 
structures is their polarization properties. As shown in 
the excitation efficiency and the luminescence are 
both strongly polarization dependent [H, HE, A 
90% contrast is obtained for the excitation efficiency de- 
pending on the direction of the linear polarization of the 
pumping laser. The light emission is also 90% linearly 
polarized in the same direction as the best pumping po- 
larization, independently of the excitation polarization. 

It can be seen in fig. [2] that the saturation level of 
the XX line is more than three times larger than that of 
the X line. This is due to a strong storage effect of the 
dark exciton state owing to a rather large dark-bright 
exciton splitting (AE = 6 meV) [28]. The dark exciton 
state reduces the intensity of the X line owing to the 
leakage from the bright to the dark exciton states caused 
by spin flip but it remains an efficient intermediate state 
for populating the XX state [29] . 

The level scheme used to model our system is shown 
in figure [51 It is based on models used in references 
[30, \2m, [32] where the carriers can enter the QD either 
individually (power dependent rates jci and 7C2) or al- 
ready bound as excitons (power dependent rate r). We 
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Figure 2: Inset : /iPL spectrum at an excitation power of P = 
15fiW. The electronic background noise has been subtracted. 
Main plot : Line intensities as a function of excitation power. 
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Figure 3: Level scheme including the empty dot (-En), the 
dark exciton (Ex D ), the bright exciton (Ex B ), the biexci- 
ton (Exx), the charged dot (Ec), and the charged exciton 
(Ecx)- The various rates between the different level are in- 
dicated in the figure. 



have added the dark exciton, which plays a key role in 
our system. It includes the bright and dark exciton, the 
charged exciton, and the biexciton. A triexciton level 
and a charged biexciton level are also included to avoid 
artificial saturation of the biexciton and of the charged 
exciton but they are not represented in figure [3j 

All of the power independent parameters of the model 
can be evaluated independently prior to photon corre- 
lation experiments by performing lifetime measurements 
[2^ |. Their values are listed in table HI These values 
are compatible with what has already been measured on 
self-assembled CdSe/ZnSe QDs [H]. 

We come now to the main results of this work on pho- 
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Table I: Table of power independent transition rates inns . 
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Figure 4: (a) Exciton emission autocorrelation, (b) exciton- 
biexciton cross-correlation for an excitation power P = 
15/iW. The left axes are the correlation functions corrected 
from the background and the right axes are the raw coinci- 
dence rates (see text). The fit is performed using the model 
based on fig. [3] The power dependent parameters used for 
the fit are r = 0.6ns -1 , 701 = 702 = Ins -1 . The other 
parameters are given in table |U 

ton correlation experiments. We present first the data 
concerning the neutral QD in fig. 01 The autocorrelation 
of the X line emission is shown in fig. |4] (a) exhibiting a 
clear antibunching which is characteristic of the statistics 
of a single photon emitter [3| ■ 

Fig |4](b) shows the cross correlation measurement be- 
tween the X and the XX line. It displays the typical 
asymmetric shape with bunching and antibunching fea- 
tures that is the signature for the cascaded emission of a 
XX photon followed by a X photon [HS]. This allows us 
to identify unambiguously these two lines as exciton and 
biexciton of the same QD. Note that the narrow bunch- 
ing peak can only be fitted if the dark exciton is included 
in the model. 

For all the correlation graphs (figs. |4]and[5|) the right 
vertical axes are the raw number of coincidences. The 
left axes represent the normalized correlation function 
according to a Poisson statistics where the coincidences 
involving background photons have been subtracted. The 
corrected correlation function is related to the un- 
corrected one Qu by g^ — 1 = (g^ — l)/p 2 , where 
p — S/(S + B) with S and B respectively the number of 
signal and background photons as measured in the spec- 
trum of fig. [21 

The autocorrelation of the CX line is shown in fig. [5] 
(a). As for the X line, it exhibits a clear antibunching. 
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Figure 5: (a) Charged exciton autocorrelation for an exci- 
tation power P = 8fiW, (b) Exciton- Charged exciton cross- 
correlation for an excitation power P — WfiW. The fits are 
performed using the model based on fig. [3] The power de- 
pendent parameters used for the fits are respectively r = 
0.31ns -1 , 7ci = 0.09ns -1 , 702 = 0.058ns -1 for the CX 
autocorrelation (a) and r = 0.37ns -1 , 701 = 0.25ns - , 
7C2 = 0.28ns -1 for the X-CX cross-correlation (b). The other 
parameters are given in table [U (c) Representation of the 
stream of photons coming alternatively from the neutral and 
the charged QD. 



Also, on a larger time scale, a bunching effect can be ob- 
served. This is due to the hopping from the charged state 
to the neutral state of the QD as confirmed by the X-CX 
cross correlation displayed in fig. [5] (b). This proves 
that the CX line comes from the same QD as the X 
line. The situation is depicted schematically in fig. 0(c), 
which shows that the photons are emitted either from 
the charged or from the neutral state of the QD. The 
average time spent by the quantum dot in the charged 
state is given by the characteristic time of an exponential 
fitting of the bunching peak in fig. [5] (a) which is 5 ns. 
It should be noticed that the antibunching dip in figure 
[5] (b) is not symmetrical. Negative (positive) time corre- 
sponds to the probability of detecting a CX (X) photon 
after having detected a X (CX) photon. Formation of a 
CX in an empty QD (t < 0) requires the loading of three 
charges, whereas the formation of an X in a QD with a 
single charge (level E c in fig. [3| is faster since it requires 
only the loading of a single charge (t > 0) [3(1 HJ 
Note that we do not know whether this charge is positive 
or negative. We can only say that by comparison with 
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spectra for self-assembled CdSe/ZnSe QDs (22L H3] the 
charge state is probably negative. 

As can be seen in figs. [4]and[5]the experimental results 
are fitted very well by the model shown in fig[3]taking into 
account the temporal resolution of our experimental set- 
up (90 ps). Inclusion of the dark exciton turned out to be 
essential for the modelling of the photon correlation data. 
Allowing for the coexistence of two excitation mecha- 
nisms, namely charge by charge (described by 701 and 
702) or directly feeding the QD with an already bound 
exciton (described by r) has also turned out to be neces- 
sary for the fitting. The QD charge hopping time depends 
on the value of these parameters. Note that XX autocor- 
relation and the CX-XX cross-correlation (not shown) 
are also fitted well using the same set of parameters 
The model gives also the correct intensities of the spec- 
tral lines within 10% 0]. 

In conclusion, we have used photon correlation spec- 
troscopy to characterize a new type of light emitting 
quantum dot embedded in a nanowire. We obtained 
a very good fit to the experimental data with a model 
based on a standard excitonic level scheme. This allowed 



us to extract quite complete dynamics of the neutral and 
charged excitons including charge hopping between these 
two states of the QD. CdSe/ZnSe QDs in NWs are nano- 
objects situated between self-assembled QDs and CdSe 
based colloidal nanocrystals (33. l35T|. The latter operate 
at room temperature but have a blinking problem and a 
lifetime above 20 ns. On the other hand, self-assembled 
QDs are non-blinking and feature a sub-nanosecond life- 
time allowing GHz repetition rates. QDs embedded in 
NWs have the potential to combine the best of both 
worlds by offering non-blinking room temperature (l3l | 
single photon sources with a high repetition rate. Fur- 
thermore, the versatility of this particular nanostructure 
growth technique offers interesting perspectives for en- 
gineering semi-conducting QDs, such as coupled QDs or 
waveguide coupled QDs. 
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